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INTRODUCTION
The I '.S. Army carries on construction projects in many localities of varying climatic conditions. In many areas, the construction season is shortened considerably by unseasonal periods of cold weather in the spring or fall. The problems and proposed solutions associated with the mixing, placing, and curing of concrete in cold weather are well-known and documented,* but a permanent, universal solution has not been found, i.i arctic and subarctic areas, concreting must frequently be done at temperatures near and below freezing. Even in the Arctic, the placing of concrete at temperatures below 32 0 F is generally not practicable except for small projects or for extremely largescale operations with si/able plants. Concrete can thus be placed only during a short work season averaging one to two months in the Arctic and two to three months in most subarctic areas without protection against freezing. 9 The minimum practicable temperature limit for concreting as viewed by various countries with long periods of cold weather varies from 23 0 F in Denmark to -4 F in Sweden."
Problem definition
Some ot the principal problems associated with winter concreting are protecting the freshly mixed concrete from freezing and providing a curing environment conducive to the development of sufficient strength in the concrete so that subsequent freezing and thawing will not damage it. If the conciete is kept sufficiently warm (above i2°F) so that it does not freeze when made and placed, it will continue to develop strength with a rate of strength gain depending on the temperature at which it is cured. But maintaining above freezing temperatures can present another problem. Concrete placed on permafrost but kept at temperatures greater than 32 0 F can cause melting of the underlying permafrost. Possible damage to the structure or element made with the concrete can thus occur, due to differential ground movements associated with the permafrost thawing.
A simultaneous solution to both the problems of concrete protection and permafrost protection is then not possible if hydraulic cements (those requiring water) as they presently exist today are used, and ii the structures or elements made with the concrete are in direct contact with the permafrost.
Objectives a id scope
The overall objective of the Cold Weather Construction Materials Project at USA WFS is the evaluation of existing and new binder materials which can be used in concrete and concrete-like composites in cold weather environments. These materials should be able to be placed in the field at temperatures as low as I5 0 F, and require a minimum of attention after placement. The specific topic of this report is the evaluation of regulated-set cement JS a binder in concrete when the concrete is placed at low temperatures. This report includes a review of the cold weather protection criteria for portland cement concrete, a detailed description of the regulated-: : Lenient used in this study, and the experimental work completed thus far in the project.
The experimental work described in this report was accomplished in two phases. Phase I (mortar phase) involved (he evaluation of 41 mortar mixtures made at a number of different water/cement ratios and containing type III and regulated-set cements plus four different admixtures. The matemis were at different temperatures when batched, were mixed at three different temperatures, and were cured at two different temperatures. From evaluations of compressive strength and workability, one mixture was chosen as a suitable matrix for cold weather concrete.
Phase II (concrete phase) involved the development of a regulated-set cement concrete mixture for use at 15 0 F. The mixture was evaluated for strength after immediate and delayed freezing and for the effect of section thickness on heat development and concrete strength.
COLD WEATHER PROTECTION REVIEW
The principal problem in cold weather protection consists of preventing loss of heat from concrete placed at a safe initial temperature and supplying any additional heat necessary for continued curing and strength development. If fresh concrete is frozen while there is considerable free water in the mixture, and the paste, as it goes from its liquid to solid phase, has not attained sufficient strength to resist the expansive forces associated with an increase in volume of the water, the internal structure of the concrete can be disrupted with corresponding decreases in strength. The 28-day compressive strength of concrete which has been frozen may be reduced to 30 to 50% of the strength of concrete which has not been frozen."
How long should the concrete be protected from freezing? The duration of protection required to develop strength will vary with the conditions under which the concrete is made and placed and also with the degree of structural safety that is required. The degree of saturation of freshly placed concrete which has no access to an external source of water will be reduced as the concrete hardens and water is used in the hydration process. Under such conditions, the time at which the degree of saturation becomes reduced below the level which would cause damage by freezing has been linked to both "critical age" and "critical strength." Critical (minimum) strengths, which should be developed before freezing is allowed, have been reported as: 3S0 to 640 psi in Sweden,* 1000 to 1500 psi in Canada," 700 to 1280 psi in the Soviet Union," 500 psi in the United States, 1 850 psi in Japan, 17 and 2100 psi in Switzerland.* Critical (minimum) ages have varied from 8 to 48 hours. It has been suggested that the critical age concept is more valid than critical strength. 19 The absolute strength of concrete at the moment of freezing was found in this study to be not as important as the extent of cement hydration that has occurred and the amount of freezable water remaining in the concrete. Strength determinations arc simpler to make, however, and the critical strength concept is widely used. Most well-proportioned concretes reach SCO psi during the second day when cured at S0 o F. Non-air-entrained concrete made with type I cement at a water/cement ratio of 0.57 has been shown to withstand one cycle of freezing after about 18 hours of aging."
The recommended times for protection from freezing vary somewhat. The minimum time periods recommended by RILFM refer to a water/cement ratio of 0.4, and the higher figures represent a water/cement ratio of 0.8. A review" of cold weather recommended practices for Belgium, Denmark, Germany, Sweden, and the United Kingdom found that the RILFM recommendations were more cautious than the recommended or prescribed practices in must of these countries. Ah'.ough the practices varied from country to country, all were in accord thai special precautions must be introduced when ambient temperatures fall to 40 o F or below. Table   III .
Table III points out that in cold weather concreting situations, the concrete materials must be of such temperatures that, when properly proportioned, the resultinp, concrete will have a temperature sufficiently high for the hydration of the cement to begin. Once it starts, it must be sustained for periods long enough for the concrete to develop sufficient strength (or degree of hydration) so that freezing will not damage the concrete. The usual methods to accomplish this can be summarized as follows: 8 Considering the economics of winter concreting, the least expensive method would be one that required the least manpower, time, and equipment. Of the above methods, A3 and A4 would come the closest to satisfying these criteria. But, as can be seen from the requirements for arctic concrete in Table III , even the use of type III high early strength cement, rapid hardening alumina cement, or an accelerating admixture with calcium chloride (CaClj) does not eliminate the requirement for protection after placement, although the times of required protection are greatly reduced. Ideally, a cement which gains strength very rapidly, at well as producing quantities of heat sufficient to protect the concrete from freezing, would reduce the cost of winter concreting and possibly extend the winter concreting season for a few more months. The experimental work contained in this report is an examination of a cement, called regulated-set cement, which appears to have great promise in satisfying these criteria. 
f f

RKiL'I.ATlD-StTCtMhNTFOR COLD WATIIIR CONCRFTING
Type of sperifkatuHi
Minimum
50-70
70-80
SO 1 day
No protection required unless ambient temperatures <I5 0 F Regulated-set cement, often called simply "rcg-set," is a recent development of the Portland Cement Association. It is not a mixture of cements or an admixture, but it is a portland cement with some new ingredients blended in the kiln. The principal difference between reg-set and ordinary portland cement is that regulaled-set cement contains a new ingredient, calcium fluoroaluminate, which provides very high early strength. Associated with the development of this high early strength is the liberation of large quantities of heat. This heat, a by-product of the reaction of the cement and water, is described by an index called the heat of hydration. The heat of hydration is expressed as the total heat liberated per gram of cement up to any specified age. A comparison of some average data for the heats of hydration of different types of cements at 70 o F is summarized in With high-alumina cements the curing temperature has little effect on the total heat involved, but the rate at which the heat is liberated in the early stages of hydration is not increased with a rise in curing temperature, as is the case with portland cement." The effects of curing temperature on the rate of hydration of reg-set cement are not known to the authors. Other factors such as cement fineness and water content also influence the amount and rate at which heat is liberated. As can be seen above, a greater amount of heat is liberated at early ages by reg-«t cements than by other cements.
COLD WMTHKR CONSTRUCTIONMATIRIALS
Initial and final set occur very soon after mixing for reg-set mixtures, thus limiting their handling time ("handling time" is defined as the maximum time before the concrete must be placed in its final position). At 70 o F, regulated-set concrete has a controlled handling time which can be varied between 2 and 45 minutes. This variation can be regulated when the cement is manufactured by blending different proportions of the early strength component (calcium fluoroaluminate) and also by the use of retarding additivies (such as citric acid) or by changing, the temperature of the mixture. Further, handling time is increased with an increase in the water/cement ratio, lower cement content, and continued mixing. Reg-set cement exhibits a rapid gain in strength within one or two hours to a level which is dependent on the percentage of the high early strength component in the cement. The strength development of the calcium fluoroaluminate is then nearly complete, and little or iio strength gain occurs until the normal silicate hydration becomes effective after about one day. The long-term strength, the rate of gain of strength after one day, and other physical properties are then comparable to those of completely cured concrete made with type I and type III cements.
The relationship of strength and durability to water/cement ratio and the response to additives are similar in both reg-set and portland cement; however, reg-set cement is considerably more sensitive to variations in these parameters. Regulated-set cement is particularly sensitive to the temperature ot the mixture and to certain retarders such as citric acid. The sulfate resistance of reg-set cement is reported to be about the same as type I cement.
Little published information is available on the use and behavior of regulated-set cement concrete. The work described in this report explores the possibility of using regulated-set ceii ent in cold weather concreting operations. 
Cement Number of mixtures made
Type III 3 Regulated set 38
The sand used was 20-30 graded Ottawa land.
C. Admixtures Two ratardcrt, one air-entraining admixture, and one water-reducing admixture were used in these testa a« follows: H. Curing temperature. All mixtures were cured at either IS° or 40° F. Thlrly-aeven mixtures were cured at I S° F, and four mixtures were cured at 40° F. Molds were equilibrated overnight at the proposed curing temperature for any given mixture prior to uae.
I. Length of curing. All test specimens remained In the molds until time of compreaalon teat.
Curing ages varied from 6 hours to 28 days. All freien specimens were thawed at 73° F for AS minutes prior to testing.
On the bans of the mortar mixtures cast in the mortar phaw, mixture CW-39 (tee Table V ) was selected as the most promising for use in the concrete phase. Mixture CW-39 had sufficient air content to be workable and had no tendency to flash set during molding, as had occurred in so many of the other reg-aet mixtures. There was also considerable strength development. The temperature of ingredients at batching, the mixture proportions, and batching sequence of mixture CW-39 are summarized in Table VII .
f
Six cubes of mixture CW-39 were cast into molds at 15 0 F for one day. Two of the cubes were then tested for compressive strength after being allowed to stand and thaw at 73 0 F for 45 minutes before testing. The remaining four cubes were moist cured at 73° F for two to seven days. The results were:
Average compressive strength, psi 1 day 3 days 7 days 640 1315 2350
The results of tin mortar phase are summarized in Table VIII .
Table VIII. Remits of Pluae 1 (mortar phiae).
A. Wattrlcement mtlo. Ai the water/cement ratio» increawd the compreativ« ttrenfth decreased. This la to be eipected in normal mortara but is perhapa more pronounced when the mortara are exposed to freezing temperaturea during curing, as there ia more water available for freezing.
B. Type of cement. Regulated-set cement gained more strength when exposed to a IS" F temperature during curing than did type III high early strength portUnd cement. Thla ia due principally to the rapid aet and strength development of the rag-aet cement plus the extra heal liberated which sustains the strength developAient longer.
C. Admixtures.
| I. Tlmeafseiremrder. Citric acid appearej to be more effective in retarding the setting time of rag-set cement than plastiment. The mixture contained an actual cement factor of 500 lb/yd 3 , a water/cement ratio of 0.53, and an entrained air content of 8.5%, and it produced a slump of 2H in. All materials and molds were stored at 35 0 F until immediately prior to mixing. Mixing and molding were done at 73 ±2°K. The cement was introduced into the mixer as the last step in the charging process, and the concrete mixed for I Vi minutes.
COLD WIATHIR CONSTRUCTIONMAThMALS
Ten 6-x 6-x 36-in.-long concrete beams were cast from the above mixture. The beams were later sawed into five 6-x 6-x 6-in. cubes. The beams were exposed to temperatures as follows: 3. Specimens exposed at 70° ±3 0 F until 24 hours old then exposed at 1S 0 F exhibited almost as much strength after seven days age as companion specimens exposed at 70° ±3 0 F for the full time.
4. The 28-day strengths of all specimens kept at 70° *3 0 F 1,3 and 24 hours before exposure at 1S 0 F were almost as great as those of specimens exposed at 70° t3 0 F for the full time.
5. Specimens exposed to 70° ±3 0 F due to slight delays before freezing at 1S 0 F gained strength slower than control specimens, but at 28 days age were practically as strong as the specimens exposed at 70° t3 0 F for the full time. Specimens exposed to IS 0 F immediately after casting had 60% of the control specimens' strength at 28 days age. Effect of specimen thickness on heat of hydration and strength
As discussed pieviously, one criterion for the placement of concrete in arctic regions is that tlie hydration heat should not melt the subgrade or permafrost. To investigate the temperature buildup in the concrete caused by hydration and the transfer of heat to the subgrade, four test slabs were cast. The slabs were 20 x 20 in. square, with one being 3 in. thick, two 6 in. thick, and one 12 in. thick, lour inches of sand was compacted in the bottom of each moid to represent the subgrade, except for one mold which had no sand base. The molds and sand were brought to 15 0 F prior to placing concrete in them. A thermocouple for monitoring temperature was placed in the vertical and hori/ontal center of eac.i concrete slab. A second thermocouple was placed at the depth of I in. in the sand layer beneath the concrete slab and at the same horizontal location.
The storage and testing procedure was as follows:
1. One 20-x 20-x 6-in. test slab was placed at 70° ±3 0 F and 90 to 100% relative humidity immediately after casting. This mold did not have a sand base.
2. All other slabs were placed at 15 Ü F immediately after casting.
3. The temperature in both the concrete and the sand beneath was recorded until the ambient temperature was reached for all slabs exposed at 15 0 F, but measurements up to the ambient temperature were made only in the concrete for the slab exposed at 70° ±3°F.
4. At seven days age the molds were stripped and the slabs sawed into cubes. The 12-in.-thick slab was sawed horizontally into two 6-in.-thick slabs, which were in turn sawed into 6-x x 6-in. cubes. The 6-in. slabs were also sawed into 6-x 6-x 6-in. cubes, and the vin. slar was sawed into 3-x 3-x 3-in. cubes. Cubes were broken in w-mpression at 8 and 28 days age.
Compressive strength results of cubes sawed from the sla! s are shown in Table X and Figure 2 . Compressive strengths were greater in the thicket slabs. The strengths of specimens from the bottom 6 in. of the 12-in. slab exposed at 1S 0 F were greater at 8 and 28 days than specimens from the 6-in.
slab exposed at 70° ±3 0 F; however, strengths of specimens from the top 6 in. of the 12-in. slab were slightly lower than the 28-day old specimens exposed to 70° ±3 0 F. -T-----r 
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COLD WMTHER CONSTRUCTION MATERIALS
I
The results of the temperature measurements in the slabs shown in Table XI Effect of retarder and water/cement ratio on concrete containing regulated-set cement Three batches of concrete were mixed. All materials were at 35 0 F immediately prior to mixing and were exposed at different temperatures afterward. Sixteen 6-x 6-x 6-in. cubes were cast from each batch. The three batches were as follows:
1. Batch 1. The same mixture was used as in the Fffect of Ape When Frozen and Effect of Specimen Thickness phases, except this was a 3-ft 3 mixture. This mixture had a slump of 2Win.
2. Batch 2. The same as Batch I except that, while the water/cement ratio was held the same as Batch 1, the water and cement content was increased to obtain a slump of 4VL in. The cement was increased 25 lb/yd J with a corresponding increase in the water.
3. Batch 3. All mixture weights were the same as Batch I except a retarder (commercial grade citric acid) was added in the amount of 454g/yd 3 . Earlier tests had indicated that (his amount would delay the initial setting time of this regulated-set cement mixture to I hour 12 minutes and final set to I hour 21 minutes. The slump was VA in. and air content 9.5%.
The effects of retarder and water/content ratio on reg-set cement are shown in Figures 7 and 8 and in Table XII . 2. Increasing the slump from 2-to 4H in. in an unretarded mixture, while holding the water/cement ratio constant, reduced the compressive strength 18 to 29% at seven days age although the cement content was increased. This was true for specimens exposed at 70 ±3 0 F and companion specimens exposed at 15 0 F.
CONCLUSION
The results of this investigation indicate that concrete containing regulated-set cement will gain strength, even when unprotected, when placed at temperatures as low as 15 0 F. This is accomplished because the chemical reaction between the cement and water is accelerated and hydration heat is generated almost immediately after the mixing of cement and water. This heat generation sustains temperatures within the mixture above freezing long enough for considerable strength buildup.
The following factors affect strength development of concrete containing regulaled-set cement when freshly mixed and exposed unprotected at 15 0 P.
1. The age of the concrete when placed at I5°F. The longer the mixture remains above freezing before exposure the greater the subsequent strength gain. The mixtures tested, however, will gain considerable strength even when exposed to IS 0 F immediately after mixing, and when protected as long as an hour after mixing before exposing at IS 0 F, will exhibit almost as much strength at 28 days age as specimens exposed at 70° ± 3 0 F for the full time.
2. Thickness of section. The heat development in 3-, 6-and 12-in.-thick slabs exposed at 15 0 F immediately after casting rose to 46.5°, 58° and 69 0 F, respectively, in 1 to 2 hours and then dropped off, indicating enough internal heat was generated to sustain hydration. This heat, however, would melt permafrost I in. below the slabs. A 12-in.-thick slab exposed at IS 0 F will obtain almost as much strength as a slab exposed at 70° ± 3 0 F for the full time.
*
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3 The use of citric acid as a retarder tu delay the setting time to one to two hours also decreased the strength of specimens exposed at both 15 C F and 70° ± 3 0 F by 19 and 13%, respectively.
The slump, however, was increased by the retarder. If the water had been reduced to obtain the slump of the unretarded companion mixture, the strength reduction would probably not have been as great.
4. Increasing the slump from 2 to 4 l /4 in., by increasing the cement content but keeping the water/cement ratio constant, decreased the 7-day strength of specimens exposed both at 70° + 3°I-and 15 0 F-by 18 and 29%, respectively.
The finding that a 12-in. slab exposed at 1S C F will obtain almost as much 8-and 28-day strength as a 6-in. slab exposed at 70° ± 3 0 F for the full time can possibly be explained as follows. The 12-in.
slab contains enough hydrating cement to generate large amounts of heat during hydration. The high heat generation elevates the temperature to a level above the freezing point and creates an environment conducive to continued hydration. This in turn results in an increase in the strength of the concrete. The amount of strength developed apparently parallels that of concrete cured continuously at 70 C F.
RECOMMENDATIONS
In order to develop sufficient supplemental background and additional criteria necessary for the implementation of regulated-set cement in cold weather concreting operations, it is recommended that the following tasks be undertaken:
1. Synthesis of field experience. Regulated-set cement concrete has been used by the civilian sector for a number of years for activities ranging from highway patching and slipformed tunnel lining to cast-in-place roof decking. Various agencies, organizations, and individuals involved with these applications should be located, contacted, and a compilation of their experiences made. A detailed documentation should be made of selected projects and it should include such information as field construction problems (as related to reg-set use), cracking, durability and cost effectiveness.
Prototype evaluation.
A concrete test slab of sufficient size and configuration to produce an adequate number of drilled or sawed test specimens for evaluation should be constructed in order to validate the laboratory results contained in this report. For comparison purposes, cast cylinders and beams should also be made. Construction should take place in a location where the ambient temperature is IS 0 F or lower. A suitable location would be at the U.S.
Army Cold Regions Research and Engineering Laboratory (CRREL), Hanover, New Hampshire, at a time of the year when these temperatures are prevalent. Both construction procedures and materials behavior could be evaluated by this project. 
